ABSTRACT
INTRODUCTION
With the increase of interest in high-resolution modeling in Numerical Weather Prediction (NWP) and climate research, a more detailed description of the atmosphere dynamics and optical properties is highly needed. Progress is possible because of the exponential development in high-performance computing and advances in instrumentation and measurement techniques, in particular at high resolution. Over the last decade various and important projects exploiting high-resolution observations were accomplished, including Figure 1 shows an enhancement in the number of levels for the L91 model version, particularly in the first 15 km. The L60 model has a horizontal spectral truncation of T511 (Riddaway, 2001 ) which corresponds to a horizontal mesh size of 40 km, while for the L91 model it is T799 (~25 km). But the effective horizontal resolution is larger as shown in Stoffelen et al. (2008) . The ECMWF horizontal wind power spectra drop substantially for a wavelength below about 250 km, thus denoting the effective horizontal resolution of the model. In line with this, Skamarock [2004] showed for different grid sizes (22, 10, and 4 km configurations of the Weather Research and Forecast (WRF) model) that the effective horizontal resolution is generally around 7 times the grid resolution. Additional new parameterizations and their effect on the atmospheric variability of the ECMWF model are reported by Bechtold et al. [2008] . But tests with collocated De Bilt radiosoundings and the ECMWF model, over the year 2008, did not show substantial changes of the results as reported in this manuscript (see Figure 7c ).
On the other hand, radiosonde balloons are the only observing system which provides vertical wind-profiles at very high resolution (up to 1 second) from the surface to high altitudes, continuously and covering a large part of the stratosphere. However, they are limited mainly to the Northern Hemisphere continents and with very sparse coverage over ocean, tropical and Southern Hemisphere areas. In addition, these radio-soundings were for a long time devoted only to weather forecasting, therefore, they were archived only at standard and significant levels which are required to be sent to operational weather centers via the Global Telecommunication System (GTS) for real-time use [Hamilton and Vincent, 1995] . Worldwide, there are more than 1500 stations with varying temporal coverage records [Durre et al., 2006] .
In the early days, not all radiosonde data contained wind measurements and wind quality is being improved progressively following advances in the wind-finding systems, starting from optical radiotheodolite to LORAN (LOng Range Navigation), and the new generation of modern GPS (Global Positioning System) systems. For reference, a useful description of radiosonde instruments and data interpretation, including history, development and future prospects, may be found in the two articles of Brettle and Galvin [2003] and Galvin [2003] .
Data coverage and collocation procedure
Here, 92 stations with high-resolution (6 seconds) radiosonde data over the 10 year period from Netherlands.) are further selected for the analysis. We briefly note that SPARC observations are intended for the study of gravity waves [Allen and Vincent, 1995] and AMMA for the African monsoon, while BADC and De Bilt are raw data of standard-resolution radiosondes dedicated for weather forecasting. These data cover a large part of the North Hemisphere with highest density in the US; however, only 2 stations are available in the Southern Hemisphere (Falkland Islands and Saint-Helena) . It is important to mention that we noticed a difference in the accuracy between SPARC and the rest of the datasets, due to the difference in wind-finding system used to collect each data set. BADC, AMMA and De Bilt data sets, based on combined LORAN and GPS system, have a better accuracy of wind and ascent height measurements than the SPARC radiotheodolite-based data. Therefore, they are analyzed separately from SPARC to avoid misinterpretation of the statistics. The focus was in particular on the ascent height increment (dz) of the SPARC radiosondes which has uncertainty that degrades the computation of wind shear, du/dz. The 2006 SPARC radiosondes, totaling 85 stations for both 12 UTC and 00 UTC, are collocated with ECMWF Short Range Forecast (ECMWF-SRF) fields for a first comparison between model and observations. The spatial collocation is performed according to the radiosonde launch ground-location, i.e., model wind fields at the different model levels are extracted from the ECMWF archive and interpolated to the ground location (lat, lon) of the radiosonde launch (not following the radiosonde trajectory). The temporal collocation is done with the 12-hour SRF, i.e., a radiosonde launched for instance at 12 UTC (00 UTC) is thus compared with a SRF initiated at 00 UTC the same day (12 UTC the day before). The main reason for using the forecast model rather than analyses is to avoid what is called generally "incestuous" comparison between model and observations, since the analyses model fields may already contain the comparison radiosonde observations. Also, the difference in the number of levels between the p_L60 and p_L91 model versions is taken into account during the analysis, by interpolating both to 60 m vertical resolution. However, since we focus only on the first 30 km of the atmospheric winds, which generally also correspond to the maximum altitude reached by the radiosonde balloons, only 76 vertical model levels are used, which cover this part of the atmosphere.
Before performing the analysis, both ECMWF model and radiosondes datasets were distributed over 7 climate zones which we define as follows: Northern/Southern Hemisphere polar (70-90°), Northern/Southern Hemisphere midlatitude (40-70°), Northern/Southern Hemisphere subtropics (20-40°) and tropics (20°S-20°N). The global coverage of the available and analyzed datasets, including their distribution over the defined climate regions, is shown in the map of Figure 2 . This is also summarized in Table 1 . We note that the BADC and AMMA have a time resolution of 2 seconds while it is 10 seconds for De Bilt. Radiosondes with time resolutions of 2, 6 and 10 seconds correspond successively to a vertical height increments (dz) of about 10, 30
and 50 m. We report the results at the same resolution when needed, mainly at about 60 m resolution for comparison with SPARC. We sometimes omit deliberately to mention 12 UTC or 00 UTC since we found similar results at both UTC times for each sub-dataset. This is due to the fact that the stations extend over a large longitudinal band covering thus a large range of time zones, more than 6 hours. So, the data at a particular UTC local time zones (day time and night time) launches. For instance, for the midlatitudes and time contain mixed subtropical stations at 12UTC (00UTC) the data cover a time zone extending from at least 3AM to 9AM (3 PM-9 PM).
Quality Control and wind-finding system characteristics
Before establishing the statistics of wind and wind shear, two major issues are faced. The first issue is related to the amount of unrealistic wind observations present in the raw SPARC highresolution data, even though a strong quality control was applied (NCDC, 1998) Stoffelen et al. (2009) .
Removal of outliers
The statistical Quality Control consists first of accumulating the raw information of wind, wind shear and shear intervals (dz) into probability density functions (PDFs) of these variables at different levels of the atmosphere with uniform vertical bins of 1 km interval. Percentiles of these PDFs are subsequently computed with very fine percentiles sampling at the tails, i.e., the percentile ranks are very closely separated. For such small change in the percentile, e.g., 0.1%, at the tails of the PDF, the change in the observed quantities (wind, wind shear and dz) is expected to be very small and regular. However, outliers fall generally far away from the common PDF, implying they are implausible realizations of the natural wind, shear and dz distributions, and thus cause a relatively big jump in the location of subsequent percentiles at (DiMego et al., 1985) , as required by WMO. A manuscript describing the method in more detail is under preparation.
Analysis Method and definitions
After quality control of wind, wind shear and shear interval (dz) of the radiosonde data, the subsequent processing step consists, as for the QC, of accumulating wind and shear information (including the drift of the radiosonde) at different levels of the atmosphere with uniform vertical bins of 1 km intervals. This is done for both observations and model. To establish the observation statistics, we used mainly 12 seconds (~60 m) averages rather than 6 s (raw) data in order to reduce the random noise, in particular for the shear interval (dz). Recall that the quoted spatial resolution between parentheses is given as a rough indication, considering that the mean ascent rate of the radiosonde balloon is about 5 m.s climate region to another in wind and shear probability distributions, where these are generally higher in the subtropics and midlatitudes. The median and mean wind profiles are mostly overlapping, while this is not the case for the wind shear. This is mainly due to the fact that we considered the absolute values of the shear, thus mapping negative shear values to the positive side such that the probability distribution becomes skewed. Consequently, this causes a shift of the median profiles away from the mean profiles.
The highest averages of wind shear values, given by the median and the mean, are found in the subtropics, respectively 0.008 and 0.01s -1 for the radiosondes and respectively 0.004 and 0.005 s -1 for the ECMWF model. Thus, radiosondes clearly observe more wind shear than modeled by ECMWF. These high values occur mainly around the tropopause (from 9 to 15 km) near the jet stream, which is associated with high wind values exceeding 55 msHigh wind shear values near the surface are apparent, which point to the presence of low-level jets as seen in the raw data (not shown). But also, it may be due to the inaccuracies of the wind or/and height measurements, since the number of rejected points during the quality control is much higher at these low levels and known tracking artifacts exist in the SPARC radiotheodolite data set, in particular for elevation angles below 17° (Vaisala). The presence of a large number of extreme values near the surface which appear as outliers has also been observed in the raw data (not shown). However, above the boundary layer the quality of the SPARC wind measurements is improved. The midlatitude results show similarity with the subtropics, but the magnitude of the median/mean wind-shear values is smaller, as seen from both radiosonde (0.006/0.008 s -1 ) and ECMWF (0.0025/0.0035 s -1 ). This is due to the slowing and quickening of the jet stream, respectively as it moves northward (towards the midlatitudes) during the warm season (late spring and summer) and southward (towards the subtropics) during the cold season (autumn and winter) [Holton, 1992] . In the polar region one may see wave activity may contribute strongly to the wind and wind shear values. Some studies [Shutts and Kitchen, 1988; Kitchen and Shutts,1990] show that large temperature fluctuations, associated with quasi-stationary gravity waves may lead to a strong wind shear in the horizontal wind and large variations in the balloon ascent rate. Cadet and Teitelbaum [1979] show that internal inertia-gravity waves can accelerate the mean flow in the altitude range 20-25 km, which may explain the increase of the shear at this level and further up. Note that orographic gravity waves are parameterized in the ECMWF model and do not contribute to the statistics presented in this manuscript.
Meridional wind and wind-shear
Whereas Figure 4 shows results for zonal wind, In the tropics, the median/mean meridional wind (mainly northerly for these Northern
Hemisphere stations) increases slightly with altitude, consequently increasing the wind shear in particular around the tropopause. In the Polar region, these average values of wind are increasing southerly up to the tropopause, then northerly in the stratosphere. For wind shear, substantial values are seen near the polar jet around the tropopause and in the stratosphere, due to the frequent occurrence of gravity waves, as seen at this single polar station.
Radiosonde drift
It was mentioned previously that the collocation of the high-resolution radiosonde wind profiles with the ECMWF model is done only according to the radiosonde launch ground location (not following the trajectory of the balloon ascent). Therefore, we compute the radiosonde balloon drifts to check that these are negligible with respect to the spatial scale on which the shows the number of data collected at each 1-km vertical bin for the statistics in this subtropical case. This suggests that in the first kilometer and from 30 km and up, the statistics may be not very representative of the true atmospheric dynamics, because of the rejected data at these levels.
Consistency of Climate Statistics
To verify how representative and consistent the statistics obtained for the 2006 SPARC data are, they are compared with similar statistics of multiyear climate established from the remaining 9 years of SPARC data for the period 1998-2007. Since the SPARC statistics are based on radiotheodolite wind-finding systems, they are also compared with other radiosonde data statistics (AMMA, BADC and De Bilt) which are based on new generation wind-finding systems (combined LORAN and GPS). The main objective of this verification is to check on the two major issues faced in this study, as described in subsection 2.2, i.e., the presence of outliers in the wind observations and the limited accuracy in the shear interval (dz). These two issues are both related to the radiotheodolite wind-finding system used to collect the data. [Baldwin et al., 2001] ; all values remain very similar for all profiles over this period.
Effect of the vertical resolution on individual collocated profiles: wind and shear

Wind and wind shear Variability
According to Hamilton [2006] , there have been few systematic studies of the effects of vertical scaling on simulated tropospheric circulation. The goal of this subsection is to investigate the effect of reducing the vertical resolution on the variability of the wind and wind-shear profiles of high-resolution radiosonde observations. The ECMWF profiles are taken as reference. This is achieved by applying a running mean, to smooth the raw (30 m) radiosonde wind and shear profiles for successively degraded time (space) resolutions. In the wind profile analysis shown in Figure 9 the means are computed over independent time samples with lengths: 6 (raw), 24, 198 (3 min 18 s) and 396 (6 min 36 s) seconds in order to have independent statistics. These time samples correspond approximately to vertical spatial box sizes of respectively: 30, m (raw), 120 m, 1 km and 2 km. In addition to the mean, the standard deviation (SD) of the raw values within the box is also computed. A typical result for a subtropical station in the US, at 90.10W 32.3N for the 4 selected box sizes is shown in Figure 9 . For reference, the 12-h ECMWF forecast at its original vertical separations (see Figure 1 ) is given at the same ground location and time. Clearly, the lower the resolution, the better the radiosonde profile resembles the smooth ECMWF profile and the more wind variability is lost, since the SD increases. This is highlighted over the profile altitude ranges 9-14 km (Zoom 1) and 19-21 km (Zoom 2) added to the left plot of Figure 9 . Note that the smoothness of the ECMWF profile best resembles the 2-km averaging kernel, implying a lack of wind variability in the vertical of about 2-4 ms The effect of the vertical resolution on the shear of the zonal wind (seen in Figure 9 ) is more explicitly shown, in Figure 10 . As in the analysis of Figure 9 , in this figure 10 and also in figure   11 , smooth wind profiles are first derived using running mean, but the re-sampling of the raw radiosonde is done for sample sizes (resolutions) of 60, 90, 120, 150, 180, 210, 330, 1000 and 2000 meters. Notice that only the raw and 210 m profiles are plotted in Figure 10 . In order to obtain smooth profiles, we applied the running mean using dependent samples, i.e., the shift forward between one sample to another in the profile is only by half the sample size. Wind 
CONCLUSIONS
In this study we describe the atmospheric climate wind dynamics using collocated highresolution radiosonde observations and the ECMWF model Short-Range Forecast (SRF). The results for the horizontal wind from both datasets are consistent since they reproduce pretty similar averages (mean and median) and variability at different levels of the atmosphere and over the various climate regions, as defined in this study. In fact, these results are as expected, since it is seen in most collocated model-radiosonde profiles, that the smooth ECMWF model wind profiles compare generally well in shape with the high-resolution profiles. However, with respect to the radiosondes, important small-scale vertical structures with high vertical wind gradients are lacking in the ECMWF profiles. Consequently, it is found that the average and climate variability of the wind shear is largely underestimated in the ECMWF model as revealed in the statistics. By comparing the statistics of successively in resolution degraded radiosonde profiles with the ECMWF model, the degree of difference in wind shear appears to be a factor of about 2.5 for the zonal wind and a factor of 3 for the meridional wind.
Consequently, the effective vertical resolution of the ECMWF model is determined to be typically 
